Kerr-lens Mode Locking Without Nonlinear Astigmatism 
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We demonstrate a Kerr-lens mode locked folded cavity using a planar (non-Brewster) Tiisapphire 
crystal as a gain and Kerr medium, thus cancelling the nonlinear astigmatism caused by a Brewster 
cut Kerr medium. Our method uses a novel cavity folding in which the intra-cavity laser beam 
propagates in two perpendicular planes such that the astigmatism of one mirror is compensated 
by the other mirror, enabling the introduction of an astigmatic free, planar-cut gain medium. We 
demonstrate that this configuration is inherently free of nonlinear astigmatism, which in standard 
cavity folding needs a special power specific compensation. 

I. INTRODUCTION 



Astigmatism is a well known aberration in folded op- 
tical cavities that include Brewster-cut crystals and/or 
off-axis focusing elements [1]. For continuous- wave (CW) 
operation, astigmatism is linear and can be fully com- 
pensated by correctly choosing the folding angles of the 
focusing elements in accordance with the length of the 
Brewster-cut windows [2] . This results in a circular non- 
astigmatic beam at the output of the laser. For mode- 
locked (ML) operation induced by the nonlinear Kerr ef- 
fect, an additional nonlinear astigmatism from the Kerr 
lens is added that is power-dependent and needs to be 
taken into account. The standard technique to com- 
pensate for nonlinear astigmatism, is to deliberately in- 
troduce linear astigmatism in the "opposite" direction 
[2.] , which results in compensation of the overall astigma- 
tism for a specific intra-cavity intensity. Changing any of 
the cavity parameters that affect the intra-cavity inten- 
sity will require recompensation. Here we demonstrate 
a novel type of cavity folding that eliminates from the 
source nonlinear astigmatism in Kerr-lens ML lasers. 



II. STANDARD CAVITY DESIGN 

Let us first review shortly the standard design of a ML 
TiS cavity, illustrated in Fig(TJ The focusing mirrors are 
tilted with respect to the beam propagation axis, form- 
ing an X-fold (or Z-fold) cavity keeping the laser beam 
propagation parallel to the optical table. In this con- 
figuration, the astigmatism of the Brewster-cut crystal 
compensates for astigmatism of the curved mirrors. 

The most important parameter for analyzing ML cav- 
ities is the strength of the Kerr effect defined as Q: 
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where P is the intra-cavity peak power, uj is the mode 
radius at the OC for a given distance between Ml and 
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FIG. 1. Standard X-fold configuration of a TiS cavity. 
In this configuration, through the entire cavity the sagit- 
tal/tangential component of the laser mode is perpendicu- 
lar/parallel to the optical table. 



M2 and Pc is the critical power for catastrophic self- 
focusins: [Ej. From EqU] it follows that the Kerr lens 
strength is represented by the change of the mode size 
on the OC due to a small increase in the intra-cavity 
peak power. This dependence of the mode size is due to 
the self-focusing effect caused by the intensity dependent 
refractive index of the crystal: n = 710 + ^2/ = no + 
712 P/A, where no and 77.2 are the zero order and second 
order refractive indices respectively \d\ , and A is the mode 
area. 

To determine the working point for ML we define 5 as 
the distance between Ml and M2 with respect to an ar- 
bitrary reference point. Two separate bands of S values 
[^15^2], [^3,^4] allow stable CW operation of the cavity 
[71 . These two stability zones are bounded by four sta- 
bility limits {S4 > Ss > 62 > Si)^ each one requires dif- 
ferent angle values to compensate for linear astigmatism 
in CW operation. Astigmatic cavities are usually ana- 
lyzed by splitting the cavity into tangential and sagittal 
planes, where both stable CW solution and 7 are cal- 
culated for each plane separately. We note that while 
for CW operation the uncoupled resonators calculation 
is quantitatively accurate, it is only qualitatively relevant 
for mode-locked operation since the sagittal and tangen- 
tial planes are coupled as the beam propagates through 
the Kerr medium [8] and the change of the beam size 
in one plane affects the lens strength also in the other 
plane. As we show hereon, this coupling is effectively 
nulled in the novel cavity folding, making the uncoupled 
resonators calculation quantitatively accurate. 

It was shown [9] that I7I is maximized close to the cav- 
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FIG. 2. Normalized Kerr- lens strength I7I in X-fold configu- 
ration as a function of the crystal position Z for the sagittal 
(red circles) and tangential (blue squares) planes. At Z = 
the center of the crystal is separated hj R/2 from M2. This 
calculation was performed for the cavity of Fig[T] including 
a L = 5mm long Brewster-cut crystal bounded between two 
focusing mirrors with R — 15cm. The short arm between M2 
and the output coupler is 30cm and the long arm between 
Ml and the high reflector (HR) is 90cm. 



ity stability limits. We therefore calculated I7I using the 
transformed complex beam parameter method presented 
by [lo[ near the second stability limit 82 at a position 
corresponding to a beam size with a typical diameter of 
2.45mm. Calculations are performed within the aberra- 
tion free Kerr lens approximation, in which the trans- 
verse variation of the refractive index is approximated 
to be parabolic, so that the beam maintains its Gaus- 
sian shape during the propagation and ABCD method 
to analyse the cavity can be applied. 

Figure [2] plots the normalized I7I of the sagittal and 
tangential planes for the standard cavity folding as a 
function of the crystal position Z. The folding angles 
were chosen so that linear CW astigmatism is compen- 
sated resulting in a circular CW beam on the OC. As 
the beam refracts into the crystal at Brewster angle, the 
mode size in the tangential plane increases by a fac- 
tor of no = 1.76 whereas in the sagittal plane it does 
not change. Since I7I depends on the strength of self- 
focusing, which in turn depends on the intra-cavity in- 
tensity /, a different mode size in each plane will cause a 
difference in the self-focusing strength, thus resulting in 
an astigmatic Kerr lens. It is clear that a linearly com- 
pensated CW beam will not remain circular after ML. 

For this reason, cavities that produce circular beams 
in ML operation require the initial CW beam to be de- 
liberately astigmatic so that the plane with the stronger 
I7I will "catch up" with the weaker one However, a 
solution that turns an astigmatic CW beam to a non- 
astigmatic ML beam exists only for a specific value of 
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(c) 3D view 




FIG. 3. Novel configuration of the TiS cavity in (a) top view, 
(b) side view and (c) 3D view of the optical table. The long 
arm remains parallel to the optical table, while the short arm 
is raised above the optical table. The illustrated sagittal and 
tangential components corresponds to the long arm with re- 
spect Ml, while they switch in the short arm with respect to 
M2. 



the intensity /. Any change in parameters that keeps 
the CW astigmatism compensated but affects the intra- 
cavity intensity (peak power or mode size in the crystal) 
will require a change in the folding angles to match the 
precise CW astigmatism needed to converge into a non- 
astigmatic ML beam. This includes a change in: pump 
power, pump focusing, output coupler, short arm length 
and also Z or 5. Another disadvantage of the standard 
folding is that for long crystals, only a small fraction of 
the crystal contributes to the ML process, deteriorating 
the overall pump-mode overlap and affecting the laser 
efficiency and robustness. 



III. NOVEL CAVITY DESIGN 

Here we demonstrate a different type of cavity fold- 
ing which allows the introduction of a planar-cut (non- 
Brewster) crystal where the laser beam enters the crystal 
at normal incidence. In this configuration, the curved 
mirrors compensate for the astigmatism of each other in- 
stead of the crystal, and the spatial mode of the beam in 
both planes does not change as it enters the crystal, thus 
cancelling the nonlinear Kerr-lens astigmatism from the 
source. Figl3] illustrates the laser configuration. Mirror 
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(a) CW near-field 



(b) ML near-field 



Z (mm) 

FIG. 4. Normalized Kerr- lens strength in novel configura- 
tion as a function of the crystal position for the sagittal (red 
circles) and tangential (blue squares) planes. 




(c) ML far-field 
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FIG. 5. Intensity profiles of: (a) CW near-field, (b) ML near- 
field, (c) ML far- field. The near- field profile was taken at the 
OC and the far-field profile was taken at the focus of a 100cm 
positive lens. 



path in the crystal with respect to that of the sagittal 
being L/fiQ. Using ABCD matrices the decrease 
factor in the tangential plane for Brewster angle can be 
calculated to be l/ng ~ 0.32 , while for 3.7^, this factor 
becomes 0.997 and can be completely neglected. 



Ml folds the beam in-plane of the optical table, whereas 
M2 folds the beam upwards. Thus, the sagittal and tan- 
gential components of Ml exchange roles at M2 leading 
to exact cancellation of the linear astigmatism of one mir- 
ror by the other mirror. Note that the polarization of the 
laser is unaffected by the new folding, which interchanges 
the primary axes, but does not mix them. The normal- 
ized Kerr-lens strength for this configuration is plotted 
in FigHJfor the same S as in the standard folding (other 
cavity parameters remain unchanged). It is clear that 
the Kerr-lens strength of each plane is equal with a small 
separation between the curves of each plane due to the 
non-zero value of the angles, taken to be ^ ~ 2.5^, the 
minimal value possible with the opto-mechanical mounts 
in our experiment. 

We note that in this configuration, the mirrors astig- 
matism is uncoupled from the astigmatism of the 
Brewster-cut windows. In order to completely compen- 
sate for linear astigmatism, the slight astigmatism from 
the Brewster-cut prism-pair must be taken into account. 
Thus, equal folding angles will compensate for astigma- 
tism only when the beam is collimated in both arms (at 
6i). For 62 however, equal angles can still be maintained 
using the prisms astigmatism to compensate for the resid- 
ual mirrors astigmatism at 82 by correctly choosing the 
overall propagation length inside the prisms. 

Experimentally, it was critical to slightly tilt the crys- 
tal so that reflections from its surface will not interrupt 
the ML process. We measured that for ML to operate, 
the minimal incidence angle of the laser beam at the crys- 
tal surface was ^3.7^ which causes a slight increase in 
the tangential mode size inside the crystal, thus resulting 
in a negligibly small nonlinear astigmatism. To estimate 
the nonlinear astigmatic effect due to the crystal tilting 
angle, we compare the decrease in the tangential optical 



IV. RESULTS 

The cavity was mode locked using pump power of 
focused to a diameter of 45/im in the gain medium (5mm 
long, 0.25 wt% doped) with an OC of 85%. A prism pair 
of BK7 glass with 40cm separation was used for disper- 
sion compensation. The cavity produced ^ ASOmW of 
pulse output power with spectral bandwidth of ^ lOOnm. 
We note that the pulse bandwidth is not fully optimized 
and broader bandwidths can be achieved with better dis- 
persion compensation. 

Figure [5] plots the intensity profile of the C W and ML 
beams in the near field and for the ML beam also in 
the far field as measured by a CCD camera. For the 
near field, the CW astigmatism (defined as the ratio be- 
tween the radius of the sagittal (ug) and tangential {ujt) 
components) was fitted to be 0.98, in good agreement 
to our prediction and the beam has an average radius 
of 0.5(0;^ + uJt) = 0.66mm. As expected, the ML astig- 
matism remains exactly the same with an average beam 
radius of 1.38mm. The focusing quality of the ML mode 
was measured in the far field showing a beam quality 
factor of = 1.6. 

We note that using a planar cut crystal reduces the 
mode size inside the crystal compared to a Brewster-cut 
crystal, since the beam does not expand in one dimen- 
sion upon refraction into the crystal. This can reduce 
the laser threshold and increase the pulse output power 
compared to a standard cavity folding of similar param- 
eters. In addition, the reduced mode size enhances the 
nonlinear Kerr lensing compared to Brewster-cut crys- 
tals leading to an increased mode locking strength. The 
large difference in beam size between the ML and CW 
modes (FigEJ is a result of the improved Kerr strength, 
demonstrating the higher efficiency of the Kerr nonlinear 
mechanism in this design. 
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CONCLUSION 



To conclude, we demonstrated a cavity design that in 
the first place needs no compensation for nonlinear astig- 
matism. In addition, the range of the crystal position 



in which both sagittal and tangential components con- 
tribute for the ML process is increased, resulting in a 
simple robust configuration for mode-locked lasers. 
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